Abstract. The Ozone Monitoring Instrument (OMI) has been successfully measuring the Earth's atmospheric composition since 2004, but the on-orbit behavior of its slit functions has not been thoroughly characterized. Preflight measurements of slit functions have been used as a static input in many OMI retrieval algorithms. This study derives on-orbit slit functions from the OMI irradiance spectra assuming various function forms, including standard and super Gaussian functions and a stretch to the preflight slit functions. The on-orbit slit functions in the UV bands show U-shaped cross-track dependences that cannot be 5 fully represented by the preflight ones. The full widths at half maximum (FWHM) of the stretched preflight slit functions for detector pixels at large viewing angles are up to 30 % larger than the nadir pixels for the UV1 band, 5 % larger for the UV2 band, and practically flat in the VIS band. Nonetheless, the on-orbit changes of OMI slit functions are found to be insignificant over time after accounting for the solar activity, despite of the decaying of detectors and the occurrence of OMI row anomaly.
of 1-60) and 54-55 of the UV2/VIS bands and occasionally affects rows 43-53. The RA rows in UV1 have similar relative positions, although all UV1 rows are affected in the northern parts of orbits. The RA is believed to be caused by loose thermal insulating materials partially blocking OMI's Earth-observing field of view. Detailed description of the RA can be found in Schenkeveld et al. (2017) .
OMI also has an irradiance view port for solar calibration. Solar spectra, shown in Fig. 1 , are measured once per day near the 5 northern terminator of an orbit. The direct sunlight is attenuated by an optical mesh, then reflected by one of the solar diffusers (quartz volume diffuser, regular aluminum, or backup aluminum), and finally reflected by a folding mirror to the remainder of the optical system that is identical to the Earth radiance measurement. The blocking effects that caused the RA in the radiance measurement are not observed in the irradiance; the only noted RA-related impact on irradiance is that the RA rows in the UV1 band show faster optical degradation due to additional solar exposure from RA reflections (Schenkeveld et al., 2017) .
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The OMI solar irradiance is also used to monitor the solar activity through the variations of deep solar lines, which generally get shallower when the Sun is more active. The most used solar activity proxies are the core-to-wing indices of the Mg II line at 280 nm, Ca II K line at 393.4 nm, and Ca II H line at 396.8 nm (labeled in Fig. 1 ). The OMI Mg II index varied by ∼ 10% between solar cycle minimum and maximum. Although the Ca II indices are well correlated with the Mg II index, their relative variations are smaller by factors of 7-9 (DeLand and Marchenko, 2013) . The irradiance spectrum at other wavelengths has 15 weaker correspondence with the solar cycle, generally < 0.2% between cycle minimum and maximum in the UV2/VIS bands and 0.5-1% in the UV1 band (Marchenko et al., 2016) . 
OMI slit functions
The OMI slit functions were determined during the preflight characterization for each spectral pixel and cross-track position.
The measured slit functions at discrete wavelengths were then fitted using a combination of a standard Gaussian and a flat-top 20 function, defined at a wavelength grid ∆λ:
where A 0 /A 1 is the relative amplitude of the standard and flat-top Gaussian components; λ 0 and λ 1 are their central positions;
and w 0 and w 1 determine their widths. For the UV1 band, only the standard Gaussian component is necessary (λ 0 and A 1 are zero). The accuracies of these preflight slit functions were demonstrated to be better than 2% within ±2 FWHM (full width at half maximum) and ∼ 3% between ±2 FWHM and ±3 FWHM during the preflight test (Dobber et al., 2008) .
Information on the on-orbit slit function can be retrieved by fitting the observed solar irradiance with a high-resolution solar 5 reference spectrum (shown in Fig. 1 ) and some assumed slit function forms. Wavelength shift/squeeze terms and a polynomial baseline are also included in the fitting. The fitting applies a weighted Levenberg-Marquardt nonlinear least square algorithm to minimize the sum of squares of fitting residuals weighted by OMI spectral uncertainties. The high-resolution reference spectrum is extended by 5 nm beyond the fitting window edges to mitigate the edge effect. The wavelength shift terms derived here are consistent with the spectral calibration trends using the OMI radiance ( Fig. 33 in Schenkeveld et al. (2017) Chance and Kurucz, 2010) . They give very similar results for the derived slit functions. The KNMI spectrum is used in the following results due to its better radiometric calibration in the OMI spectral range. This slit function fitting method has been described in Sun et al. (2017) , where multiple analytical and
15 numerical function forms were tested to represent the slit functions of the OCO-2 instrument. These function forms, as well as the functional form used to parameterize the OMI preflight slit functions (Eq. 1), were also tested for OMI. The (a)symmetric standard Gaussian, super Gaussian, and fitting a homogeneous stretch to the preflight slit functions were found to produce stable fitting results. The other function forms (stretch/sharpen, hybrid Gaussians, and the functional form of Eq. 1) were unstable due to fitting too many parameters and/or the correlation of some parameters. The stability issue became more significant later 20 in the OMI mission, when the signal-to-noise ratio (SNR) of solar spectra was degraded. The Gaussian function family can be generalized as the asymmetric super Gaussian function (Beirle et al., 2017) :
where w is the half width at 1/e, k is the shape parameter, a w is the asymmetry parameter, and sgn() is the sign function. If k is fixed at 2, the slit function is standard Gaussian; if a w = 0, the slit function is asymmetric. The homogeneously stretched 25 preflight slit function is simply
Examples of the preflight slit functions and the fitted function forms are illustrated in Fig. 2 for the fitting window 343-356 nm in the UV2 band.
In the slit function fitting algorithm, the slit function is generally assumed to be constant within the fitting spectral window.
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When fitting a stretch to the preflight slit function, the preflight slit function at the median wavelength is applied to the entire window. Spectrally resolved stretch of the preflight slit functions was also tested by stretching spectrally dependent preflight slit functions over sliding and overlapping windows, but the results were influenced by radiometric and solar reference spec- trum uncertainties over short wavelength ranges. The ozone profiles retrieved assuming spectrally constant slit functions also outperform those retrieved using spectrally resolved slit functions. Consequently, the derived slit functions are assumed to be spectrally constant over each fitting window.
3 Difference between on-orbit and preflight slit functions
The OMI solar irradiance is generally assumed to be stable, and many retrieval algorithms use the average or the first prin-5 cipal component of OMI irradiance spectra over multiple years to enhance the SNR (Liu et al., 2010; Wang et al., 2014; González Abad et al., 2015) . as noted by Beirle et al. (2017) . For the UV1 band (the first row of Fig. 3 ), the preflight slit functions are standard Gaussian, so fitting a stretch to the preflight slit functions is identical to fitting a standard Gaussian. The super Gaussian shows unstable cross-track features, favoring the use of standard Gaussian in the UV1 band. At the low wavelength end (270-277 nm), the on-orbit slit functions are remarkably broader than the preflight ones toward the edges of cross-track positions, by up to 30 %.
Similar effects are observed at the high wavelength end of the UV1 band (299-309 nm), although much less significant.
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Panels in the second row of Fig. 3 show the results for the UV2 band, divided into four fitting windows. The on-orbit and preflight slit functions at the first half of the cross-track positions (1-30) for window 3 are plotted in Fig. 2 patterns are similar for all four fitting windows. The preflight slit functions show very little cross-track variation (< 1 % in FWHM), whereas the FWHMs of standard Gaussians and the stretched preflight slit functions show a U-shaped cross-track dependency. The derived slit function FWHM at large off-track viewing angles are up to 5 % broader than the nadir ones.
The FWHM of super Gaussian is only weakly cross-track dependent, but the shape parameter k has a strong reverse-U-shaped cross-track dependency. As illustrated more clearly in Fig. 2 , the derived on-orbit slit functions are broader toward the larger 5 off-track viewing angles if only the widths are fitted; when the slit function shape can also be adjusted in the super Gaussian fitting, the broadening is redistributed towards the tails of the slit functions. The cross-track dependency is significant for all functional forms used in the fitting, indicating that the changes observed between on-ground and in-orbit is instrument related, not due to usage of different fitting functional forms.
Panels in the third row of Fig. 3 show the results for the VIS band. The preflight slit functions also have very little cross-10 track variation; the on-orbit slit functions capture some cross-track dependency but not as significant as the UV2 band. Fitting window 1 is an exception, where a reverse-U-shaped stretch factor and a U-shaped shape parameter k are present.
We have also included the fitting results using average OMI solar spectra from January 2007 The cross-track features are very similar during these periods, indicating that these cross-track dependent features observed on-orbit are not due to any temporal effects (e.g., RA, solar activities). For the UV1 band and window 1 of the UV2 band, the super Gaussian results show unstable cross-track features, likely due to the correlation between the width and shape parameters, but appear to be generally invariant over time. Figure A .3 further compares the fitting residuals agglomerated to within each OMI band using different slit functions at different cross-track positions and early/late in the 5 mission. The super Gaussian and stretched preflight slit functions show smaller fitting residuals than standard Gaussian for the UV2 and VIS bands, although an ozone retrieval test using these three slit function forms at window 1 of UV2 band shows only small differences (see Sect. 5. 3).
Temporal variation of OMI slit functions
The on-orbit variations of OMI slit functions have widely been deemed insignificant throughout the mission. By deriving on-10 orbit slit functions using the daily OMI solar irradiance, it is possible to verify this assumption. We assume that the high-resolution solar reference spectrum stays constant, because there have been no high-resolution solar reference spectra that incorporate the solar cycles available. However, this assumption does not hold near deep solar lines 20 and at short wavelengths in the UV at the OMI resolution (Marchenko and DeLand, 2014; Marchenko et al., 2016) . Since the true solar irradiance is assumed to be invariant, the relative changes of observed solar lines following the solar cycles will be interpreted as the slit function change in the fitting. As a result, the temporal variations seen in Fig. 4 may result from solar cycles and not necessarily indicate the real changes of on-orbit slit functions.
The solar activity can be represented by the OMI Mg II core-to-wing index, defined as the ratio between OMI irradiance at 25 280 nm and the average irradiances at 277 and 283 nm. The OMI Mg II index has also been verified against other ground-based and space-borne solar observations (DeLand and Marchenko, 2013) . The Mg II index is modulated by a distinct 11-year solar cycle and a 27-day solar rotation cycle, whose amplitude also changes due to variations in faculae. No seasonal variations due to instrument temperature effects can be found in the MgII index. Given the complex nature of solar activity, it is highly unlikely that any potential factors that may contribute to slit function change (e.g., instrument degradation, RA effects, and window 2 of the UV2 band and window 2 of the VIS band. Overall, the temporal variations of slit function widths for non-RA rows, if they exist, are no more than 1 % and much smaller than differences between the preflight and on-orbit slit functions for all three OMI bands (Fig. 3) . The RA rows also did not show any significant temporal variations before the major RA events in 2009.
5 Validation of ozone profiles retrieved using different slit functions 5
SAO OMI ozone-profile retrieval algorithm and validation
The optical path of the solar irradiance and the earth radiance measurements are very similar, but it is still an open question whether the slit functions are identical for the solar and earthshine spectra. Besides, the derived on-orbit slit functions are sometimes simplified compared to the preflight ones. Therefore, it is necessary to apply the on-orbit slit functions derived from solar irradiance to the earthshine spectra fitting algorithm and validate the retrieval results. In this study, the SAO OMI ozone-
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profile retrieval algorithm is used to test different options of slit functions. The OMI ozone-profile retrievals have substantially higher relative accuracy than other OMI products (e.g., SO 2 , NO 2 , HCHO, etc.), and there have been extensive validations for the ozone-profile product. Therefore, the OMI ozone-profile retrieval is the first choice to test the on-orbit slit functions.
The SAO OMI ozone-profile retrieval algorithm was described in detail by Liu et al. (2010) with further improvements by Bak et al. (2013 Bak et al. ( , 2016 and validated extensively against ozonesonde and MLS observations (Huang et al., 2017a, b) . In the operational SAO ozone-profile algorithm, partial ozone columns (in Dobson Unit, DU, 1 DU = 2.69 × 10 16 molecules cm −2 ) 5 are retrieved at 24 layers from the surface to about 60 km using the optimal estimation technique. Stratospheric ozone column (SOC) and tropospheric ozone column (TOC) are derived from the OMI ozone profile using the thermal tropopause heights, defined by the lapse rate criterion (WMO, 1957) , from the National Center for Environmental Protection (NCEP) reanalysis.
The total degree of freedom for signal (DFS) of the retrieved ozone profile is 6-7 with 5-7 in the stratosphere and 0-1.5 in the troposphere. Fitting windows in both UV1 (270-309 nm) and UV2 (311-330 nm) are used to retrieve ozone abundance 10 at different altitudes. Wavelengths around Mg II (280 nm) and Mg I (285 nm) lines are not included in the retrieval. Because of the mismatch of cross-track positions between UV1 and UV2, UV2 spectra at every two adjacent cross-track positions are co-added to match the UV1 spatial resolution. When applying the preflight slit functions, they are also averaged every two cross-track positions for UV2. Hence the retrievals are performed at the UV1 spatial resolution. In addition, OMI radiances are pre-calibrated based on two-day-average radiance differences in the tropics between OMI spectra and spectral simulations 15 using zonal mean MLS ozone profiles at pressure less than the 215 hPa level and climatological ozone profiles at pressure greater than the 215 hPa level. This "soft calibration" significantly reduces the OMI L1B calibration errors that are dependent on both wavelength and cross-track positions.
In this study, the ozone profiles are retrieved using four different options of slit functions: the preflight as well as standard Gaussian, super Gaussian, and stretched preflight derived from OMI irradiance. The soft calibration is turned off to make fair comparisons between slit functions, because the soft calibration algorithm is currently only implemented with standard 5
Gaussian slit functions. The other retrieval options are kept the same as in the operational algorithm whenever it is possible.
This slit function comparison is named as the "two-band" case. Another case is also tested by using only the UV2 window (311-330 nm). In this "UV2-only" case, there are no compounding factors induced by averaging the adjacent UV2 spectra and preflight slit functions. The OMI ozone profiles are retrieved at 60 cross-track positions, instead of 30 cross-track positions for the two-band case. A "UV1-only" case is also tested with a subset of ozonesondes, but found to be insensitive to different 10 options of slit functions (although the on-orbit/preflight slit functions are quite different for the UV1 band, see the first row of Fig. 3 ).
Ozonesonde observations are widely used to validate satellite ozone-profile retrievals (Jiang et al., 2007; Worden et al., 2007; Froidevaux et al., 2008; Kroon et al., 2011; Wang et al., 2011; Jia et al., 2015; Huang et al., 2017a) . We use the same km and have data gaps no greater than 3 km; ozonesonde correction factors (CFs), if exist, in the range of 0.85 to 1.15. We did not apply these CFs because it is not clear that they should be applied to the ozone profiles, especially for the troposphere, and CFs are only available for a limited fraction of ozonesondes (Morris et al., 2013) . For each filtered ozonesonde profile, the nearest filtered OMI profile within ±1
• latitude, ±1
• longitude, and ±6 hours is used for validation on the individual profile basis. The validation in this work also has the following important differences from Huang et al. (2017a) :
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(1) Huang et al. (2017a) used the operational ozone-profile product that coadded four spatial pixels along the track and hence had a nadir spatial resolution of 52 × 48 km 2 ; this study retrieves ozone profiles only at pixels collocated with ozonesonde stations with standard spatial resolution of the UV1 band (13 × 48 km 2 at nadir) for the two-band case and resolution of the UV2 band (13 × 24 km 2 at nadir) for the UV2-only case. As the soft calibration is turned off, the overall biases are slightly larger than the operational SAO ozone profile product.
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(2) As shown in Sect. 3-4, the cross-track discrepancies between on-orbit and preflight slit functions are much more significant than the temporal variations of on-orbit slit functions over the OMI mission. Hence only the "pre- RA" period (2004 RA" period ( -2008 is included in the validation to consistently compare all cross-track positions. 5.2 Impact of slit functions on ozone profile retrieval: the two-band case stretched preflight (0.84). When comparing the TOC500, the relationships between different slit functions are similar to TOC.
For the mean absolute biases, standard Gaussian < stretched preflight ≈ super Gaussian < preflight. However, the correlation coefficient for the super Gaussian becomes slightly higher than the standard Gaussian.
As shown by Fig. 9 , the ozone partial columns retrieved using the preflight slit functions consistently show the lowest performance compared to the derived on-orbit slit functions. Figure 10 illustrates the vertical distributions of biases between 5 OMI and the ozonesonde profiles. The left panel shows the median biases between OMI profiles retrieved using four different slit functions and the ozonesondes; the right panel shows the standard deviation of the differences between different retrievals and ozonesonde data. The median bias of the a priori and the a priori error are also plotted for reference. The retrieval using preflight slit functions shows significant positive bias in the stratosphere, negative bias at upper troposphere/lower stratosphere (UT/LS), and positive bias in the lower troposphere. The retrieval using preflight slit functions also has much larger variations.
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The median biases show different vertical distributions between standard Gaussian and super Gaussian/stretched preflight with no much altitude-dependent variation for the standard Gaussian, and almost the same larger oscillations for the latter two.
Unlike the median biases, the standard deviations of biases are very similar for retrievals using these three on-orbit slit function options.
The bias profiles between OMI and ozonesonde are further grouped according to the OMI cross-track positions, and the 15 medians of bias profiles at each cross-track position are shown in the first row of Fig. 11 . The ozone profiles retrieved using the preflight slit functions show substantial cross-track dependent biases; the bias profile shown in Fig. 10 can be largely attributed to the biases near the edges of the cross-track positions. The second and third rows of Fig. 11 present the fitting residual root-mean-square (RMS) of UV1 and UV2 fitting windows, respectively. Although the on-orbit slit functions show the largest difference from the preflight at the UV1 band (Fig. 3) , the fitting residuals at the UV1 band using different slit functions are 20 very similar; the residual RMS values using the preflight slit functions are only marginally larger than retrievals using on-orbit slit functions. The insensitivity of fitting residuals to slit functions at the UV1 band is likely due to the smoothness of the ozone absorption cross-sections. The residual RMS at the UV2 band for the retrieval using the preflight slit functions, however, show Figure 9 . Scatter plots of OMI retrieved ozone partial columns vs. the ozonesonde data for SOC (first row), TOC (second row), and TOC500
(third row). The four columns represent retrievals using standard Gaussian, super Gaussian, the preflight, and stretched preflight slit functions.
The slope and offset of the linear regression, correlation coefficient (R), and the mean bias ±1σ ( a distinct U-shaped cross-track distribution, very different from the other retrievals. Apparently, the preflight slit functions are not accurate near the edges of the cross-track positions in this two-band test case. It should be emphasized that in this case the UV2 radiance spectra and preflight slit functions are co-added from 60 to 30 cross-track positions. The co-adding of adjacent radiance spectra defined at different wavelength grids introduces some effective broadening of slit functions, which may partially explain the mismatch of slit functions for the preflight retrieval at UV2. Therefore, the UV2-only case is also tested to avoid co-adding and test the UV2 slit functions only. 5.3 Impact of slit functions on ozone profile retrieval: the UV2-only case
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When only using the UV2 window in the ozone profile retrieval, the DFS is reduced from 6-7 to 1-2 due to the loss of most stratospheric information content from UV1. Figure 12 compares the SOC (first row) and TOC (second row) from OMI with ozonesondes. Given the low DFS, only the SOC and the TOC are validated. Similar to the two-band case, the retrieval using the preflight slit functions shows the largest absolute biases and lowest correlation with ozonesondes for both TOC and SOC. The standard Gaussian retrieval consistently shows higher correlation coefficients and lower standard deviations of biases compared 10 to the other two forms of derived on-orbit slit functions that are supposed to better represent the true slit function shapes in UV2 (see Fig. 2 and Fig. A.3) . The only exception is that the stretched preflight retrieval shows marginally better correlation coefficient than the standard Gaussian for the TOC. Figure 14 shows the cross-track distributions of median bias profiles and fitting residual RMS for ozone-profile retrievals using the four different slit functions, similar to Fig. 11 but for UV2 only. The preflight retrieval again stands out with significant cross-track dependent biases, larger towards the edges of the cross-track positions. The RMS of the retrieval using preflight slit 5 functions also show U-shaped cross-track dependency, but smaller than those in Fig. 11 due to no broadening of effective slit functions from coadding. These large RMS at both edges are mitigated by fitting a stretch to the preflight slit functions. The mean RMS of using super Gaussian and stretched preflight slit functions are slightly better than using the standard Gaussian, indicating that generally a broad-top slit function can better model the OMI spectra. However, the retrieval using standard Gaussian slit functions shows the smallest variations of biases and variations of residual RMS, which is not fully understood.
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It is possible that the slit function in radiance measurements cannot be fully represented by the on-orbit slit functions derived from the solar irradiance due to scence inhomogeneity (Voors et al., 2006; Noël et al., 2012) , unaccounted stray lights, or intra-orbit slit function changes (observed in GOME-2 by Beirle et al. 2017) in earthshine spectra.
Conclusions
The accurate characterization of slit functions is essential for the spectral calibration of space-borne grating spectrometers and 15 the retrieval of the Earth's atmospheric constituents. We derive on-orbit slit functions by fitting the OMI irradiance spectra with a high-resolution solar reference spectrum and various assumptions on slit function forms, including standard and super
Gaussian functions and a homogeneous stretch to the preflight slit functions. The on-orbit slit functions derived from multiyear averaged OMI solar irradiance show U-shaped cross-track dependences at the UV bands that cannot be fully represented by the preflight slit functions. The FWHMs of the stretched preflight slit functions of detector pixels at large viewing angles are up to 30 % larger than the nadir ones for the UV1 band and 5 % larger for the UV2 band. When fitting super-Gaussian slit functions in the UV2 band, the cross-track variations of FWHM are much smaller, but the cross-track variations of the shape parameter k are significant. No significant discrepancy was found in the VIS band except for the first fitting window (380-402 nm), where a moderate reverse-U-shaped cross-track dependency of derived slit function width was present.
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The derived on-orbit slit functions using daily OMI solar irradiance from 2004 to 2016 show little temporal variations after taking account of the impact of solar activity. Overall, these temporal variations for non-RA rows, if they exist, are no more than 1 % and much smaller than differences between the preflight and on-orbit slit functions for all three OMI bands. The RA rows also did not show any significant temporal variations before the major RA events in 2009.
Considering the insignificant temporal variations of on-orbit slit functions, the slit functions derived from the multi-year 10 average OMI solar irradiance are applied in the SAO ozone-profile retrieval, and the results are compared with the retrieval using the preflight slit functions. Two cases are tested: one is to keep the same options of the operational algorithm whenever possible, and the other one is to use only the UV2 band to avoid coadding the UV2 spectra and eliminate the interaction between UV1 and UV2. The retrievals using derived on-orbit slit functions consistently show smaller biases and better correlations with the ozonesonde validations in both cases. Although the on-orbit slit functions show larger difference from the preflight in the UV1 band, the impact of slit functions on the ozone-profile retrieval is dominated by the UV2 band, due to the more complicated structure of ozone absorption cross-section in UV2. The UV-2 only test case has direct implications for other OMI products that use the UV2 band, such as SO 2 , HCHO, and BrO. The on-orbit slit functions of the OMI VIS band also have 5 cross-track discrepancies compared to the preflight, although less significant. Future comparisons of retrievals using different slit functions will be performed in the VIS band with well-validated algorithms, such as the water vapor retrieval (Wang et al., 2016) .
It is challenging to characterize the slit functions of 2-D detectors of OMI-like instruments, as the slit functions vary in both the wavelength (the column dimension) and cross-track viewing dimension (the row dimension) and more critically, may 10 vary over time. Future work will involve characterizing the differences between the slit functions derived from solar irradiance and the slit functions of earthshine radiance. These differences may be caused by scene heterogeneity, differences in stray light between irradiance and radiance, and intra-orbit instrumental changes. It is possible to linearize the slit function fitting by constructing "pseudo-absorbers" based on derivatives of slit functions and including them in the radiance fitting (Beirle et al., 2017) . Accurate knowledge of the on-orbit slit functions, as demonstrated in this work, will also be important for the 15 near-future missions that have more spatial pixels and higher retrieval targets than OMI (TROPOMI/Sentinel-5p, Sentinel-5,
Sentinel-4, GEMS, and TEMPO).
Appendix A: Additional comparisons of different slit function forms Dirksen, R., Dobber, M., Voors, R., and Levelt, P. 
